Antigenic drift of circulating seasonal influenza viruses necessitates an international vaccine effort to reduce the impact on human health. A critical feature of the seasonal vaccine is that it stimulates an already primed immune system to diversify memory B cells to recognize closely related, but antigenically distinct, influenza glycoproteins (hemagglutinins). Influenza pandemics arise when hemagglutinins to which no preexisting adaptive immunity exists acquire the capacity to infect humans. Hemagglutinin 5 is one subtype to which little preexisting immunity exists and is only a few acquired mutations away from the ability to transmit efficiently between ferrets, and possibly humans. Here, we describe the structure and molecular mechanism of neutralization by H5.3, a vaccine-elicited antibody that neutralizes hemagglutinin 5 viruses and variants with expanded host range. H5.3 binds in the receptor-binding site, forming contacts that recapitulate many of the sialic acid interactions, as well as multiple peripheral interactions, yet is not sensitive to mutations that alter sialic acid binding. H5.3 is highly specific for a subset of H5 strains, and this specificity arises from interactions to the periphery of the receptor-binding site. H5.3 is also extremely potent, despite retaining germ line-like conformational flexibility. structural biology | immunity | antigen recognition | affinity maturation | influenza I nfluenza remains a major public health concern because seasonal influenza infects 600 million to 1.1 billion people annually, resulting in 3-5 million cases of severe disease, and 250,000-500,000 deaths (1). By comparison, the four influenza pandemics of the 20th century, caused by novel influenza strains infecting the immunologically naive human population, resulted in 50-100 million deaths (1-4). Influenza A immunity is principally mediated by the antibody response to the viral glycoprotein, hemagglutinin (HA) (5). HA is expressed as a preprotein, HA0, assembled as a trimer on the viral envelope, and cleaved by host proteases into HA1 and HA2. HA1 is a largely globular domain responsible for receptor binding, and HA2 is a rod-shaped helical bundle responsible for membrane fusion (Fig. 1A) (5). There are 18 genetically distinct subtypes of influenza A HA (H1-H18), of which only H1 and H3 currently circulate among humans (1, (6) (7) (8) (9) .
structural biology | immunity | antigen recognition | affinity maturation | influenza I nfluenza remains a major public health concern because seasonal influenza infects 600 million to 1.1 billion people annually, resulting in 3-5 million cases of severe disease, and 250,000-500,000 deaths (1) . By comparison, the four influenza pandemics of the 20th century, caused by novel influenza strains infecting the immunologically naive human population, resulted in 50-100 million deaths (1) (2) (3) (4) . Influenza A immunity is principally mediated by the antibody response to the viral glycoprotein, hemagglutinin (HA) (5) . HA is expressed as a preprotein, HA0, assembled as a trimer on the viral envelope, and cleaved by host proteases into HA1 and HA2. HA1 is a largely globular domain responsible for receptor binding, and HA2 is a rod-shaped helical bundle responsible for membrane fusion (Fig. 1A) (5) . There are 18 genetically distinct subtypes of influenza A HA (H1-H18), of which only H1 and H3 currently circulate among humans (1, (6) (7) (8) (9) .
Despite the widespread presence of H5N1 influenza viruses in wild birds, the virus is not currently transmissible within the human population. Human-to-human transmission is inefficient and is partially restricted by the receptor specificity of the virus; human-type HAs preferentially recognize α2,6-linked sialic acid whereas avian-type HAs prefer α2,3-linked sialic acid (1, (10) (11) (12) . However, there have been >600 human cases of H5N1 infection since 2004, resulting from the direct transmission of the virus from birds to humans, associated with an ∼60% mortality rate. There is the potential for a significant pandemic if H5 viruses develop the ability to spread efficiently between humans, which would necessitate specificity for α2,6-linked sialic acid (1-4, 13).
Receptor binding occurs in a shallow depression on the HA globular head domain, the edges of which are formed by four structural elements, the 190 helix and the 130, 150, and 220 loops (Fig. 1B) , and the receptor binding site (RBS) base, which includes invariant hydrophobic residues Tyr98, Trp153, and Leu194 (5, 14, 15) . Receptor specificity is critically influenced by position 226 on HA; Gln226-containing H3 strains are specific for α2,3 sialic acid linkages, and Leu226-containing H3 strains are specific for α2,6 sialic acid linkages (5, 16) . In H5 strains, Leu226 enhances binding to α2,6-linked sialic acid receptors, but H5 viruses isolated from humans contain mutations at other sites that also promote use of α2,6-linked sialic acid receptors (11, 17, 18) . Recent influenza pandemics have been caused by the acquisition of mutations that change the receptor preference to α2,6 sialic acid linkages, and recent studies with multiply passaged laboratory strains indicated that only a small number of mutations are necessary to introduce preference for α2,6 linkages into H5 strains (1, (6) (7) (8) (9) (18) (19) (20) (21) (22) (23) . These viruses, termed respiratory droplet transmissible (rdt), typically have three mutations in or near the receptor binding site on HA (21, 22) .
The most frequent potent neutralizing antibody response to HA arises from antibodies that target the receptor binding site and prevent virus attachment (5) . Recent studies indicate that Significance A small number of mutations to the viral hemagglutinin are sufficient to permit aerosol transmission, in a ferret model of human infection, of highly pathogenic avian H5N1 influenza A viruses. Here, we show how an antibody (H5.3) against hemagglutinin 5 (H5) recognizes both WT and variant H5 proteins. H5.3 retains germ-line characteristics, most remarkably a conformationally flexible combining site, consistent with an antibody that has not been through multiple cycles of affinity maturation. Many antibodies against H5 are lightly mutated and may arise from naive B cells, explaining the low antigenicity of H5N1 vaccines relative to seasonal influenza vaccines and supporting the idea that multiple exposures are necessary to develop a strong immune response to H5N1 strains.
among RBS-directed antibodies, broad neutralization (across multiple isolates within a subtype or across subtypes) is achieved by insertion of a single complementary determining region (CDR) into the RBS to inhibit receptor binding (8) . These broadly neutralizing antibodies (bnAbs) target conserved amino acids within the RBS and simultaneously avoid polymorphic sites on the ridges of the RBS. BnAbs may be relatively rare in human repertoires, and, as a consequence, current seasonal vaccine efforts focus on developing or boosting strain-specific responses to three or four currently circulating ("seasonal") variants (2) . Such strategies do not directly address the threat posed by noncirculating viruses with pandemic potential, such as H5 strains that circulate widely in wild bird populations and sporadically infect humans where they acquire mutations that enhance binding to human receptors (17) . Instead, H5N1 vaccines against "prepandemic" strains have been developed commercially for future use in the case of a pandemic, illustrating that a prepandemic immunization program is feasible (24, 25) .
The immune response against H5N1 vaccines in healthy adults is less robust than for most seasonal influenza strains, typically resulting in a response restricted to the strain used in the vaccine and to closely related variants (26) (27) (28) (29) . Notwithstanding this observation, we recently described a panel of human anti-H5 antibodies induced in response to vaccination of volunteers with an experimental H5N1 subunit vaccine (30) and here describe the structure and characterization of a human monoclonal antibody, H5.3, bound to A/Vietnam/1203/2004 (VN/1203) H5 and to two H5 rdt variants. H5.3 is an RBS-directed antibody that recapitulates many of the electrostatic interactions of the natural receptor, sialic acid, as well as forming additional interactions to the periphery of the RBS that provide specificity. H5.3 is potent and specific despite containing only 11 mutations from its unmutated common ancestor (UCA) and maintaining the structural flexibility typically associated with unmutated antibodies, as evidenced by significant rearrangement of CDRH3 and CDRL3. The structures determined here offer a chemical explanation for the evident trade-off between breadth and potency, and the germ-line characteristics highlight the role of lightly mutated antibodies in neutralization of new viral strains.
Results
Structure of H5.3:H5hd Complexes. We determined the crystal structure of a human monoclonal antibody Fab, H5.3, in complex with VN/1203 H5 head domain (H5hd, PDB ID code 4XNM) to 2.5 Å (Fig. 1) . We also determined the structures of H5.3 in complex with H5hd containing the rdt mutations from the Kawaoka (H5hd_rdt_Vn, PDB ID code 4XNQ) and Fouchier (H5hd_rdt_In, PDB ID code 4XRC) laboratory strains to 2.15 Å and 2.74 Å, respectively (18, 23) . Refinement and data quality statistics are given in Table S1 . In all cases, the asymmetric unit (ASU) contained two copies of the H5.3-H5hd complex (rmsd of 0.51, 0.52, and 0.63 Å between main chain atoms of the H5hd and antibody variable regions for the two copies of wt, rdt_Vn, and rdt_In, respectively). Both copies of the H5.3 Fab in the ASU were well-ordered in all crystals, except for residues 138-145 in the heavy chain constant region. The H5hd, which was expressed in bacteria, was wellresolved throughout the structure, except for one loop: residues 78-90 in chain C of the wt_H5hd, 79-82A in chain C of H5hd_rdt_In, and 77-82 in chain C of H5hd_rdt_Vn. With the exception of the poorly ordered loop, the rmsd between main chain atoms of H5hd and the trimeric ectodomain (PDB file 2FK0) (31) was 0.76 Å. An additional loop, described below, is disordered in the H5hd_rdt_Vn structure. H5.3 forms an extensive interface with H5hd, using all six CDR loops and burying ∼808 Å 2 on H5hd and ∼795 Å 2 on H5.3 ( Fig. 1  B and C) . The interface is roughly centered on the H5 RBS. CDRH3 inserts into the highly conserved RBS, and CDRs L1, L2, L3, H1, and H2 contact variable residues on the periphery of the RBS, including the 130 loop, 150 loop, 220 loop, and 190 helix. CDRs L1 and L2 interact with the 190 helix on the rim of the RBS; and CDRs H1 and H2 interact with the 140 loop of H5hd (Fig. 1C) . The interface (∼800 Å 2 per partner) is slightly smaller than a typical protein-protein interface, yet H5.3 is, to our knowledge, the most potent human antibody described for H5N1 strains, with a viral neutralization IC 50 of 0.02 μg/mL and a K d of 5 nM (for recombinant H5.3 Fab binding to recombinant HA from strain VN/1203) ( Fig. S1) (30, 32) . CDRH3 is critical for this interaction, and mutations to CDRH3 abolish binding (Fig. S1 ). As described in the section Recognition of H5 RDT Variants, the HA rdt mutations are largely outside the contact interface.
Comparison with the Receptor and Other RBS-Directed Antibodies.
Because the H5.3 CDRH3 inserts into the RBS, we compared the H5.3-H5hd complexes with the structure of the avian receptor analog (α2,3-SLN; 3′-sialyl-N-acetyllactosamine) bound to A/Vietnam/1194/2004 H5 (PDB ID code 4BGY) (18) and to influenza HA-antibody complexes that similarly project CDRH3 into the RBS (PDB ID codes 3SM5, 4HKX, 4M5Z, 4O5I, 2VIR, and 1KEN) (33) (34) (35) (36) (37) (38) (Fig. 2) . H5.3 hydrogen bonding (H-bonding) interactions replace sialic acid hydrogen bonding in the H5.3-H5hd complex ( Fig. 2 A and B) , much as has been seen in other receptor mimetic antibodies, with the difference that H5.3 uses, exclusively, main chain H-binding residues.
In H5.3, the backbone amide of Leu105 accepts a hydrogen bond from the carbonyl oxygen of HA1 Val135. The carbonyl oxygen of H5.3 Asp103 donates hydrogen bonds to the side chain hydroxyl of Ser136 and the backbone amide nitrogen of Ser137 in HA1 (Fig. 2A) . In the receptor analog, the carbonyl oxygen of Val135 accepts a hydrogen bond from the amide of the acetamide group of sialic acid, essentially the same as the interaction between H5 Val135 and H5.3 Leu105. The carboxylate group of sialic acid accepts hydrogen bonds from the side chain hydroxyl of Ser136 and the backbone amide of Ser137, similar to the interaction between these residues and the H5.3 Asp103 main chain carbonyl oxygen (Fig. 2) . In addition to this direct readout of the receptor hydrogen-bonding network, Ile104 from H5.3 contacts the hydrophobic RBS floor formed by HA1 Tyr98, Trp153, and Leu194 ( Fig. 2A) .
H5.3 recapitulates the hydrogen-bonding scheme of the α2,3-SLN receptor using only main chain antibody features. In this regard, H5.3 differs substantially from other examples of CDRH3-based RBS-directed antibodies, which use an Asp side chain to form the contacts made by the carboxylic acid of the receptor. Notably, H5.3 possesses an Asp (Asp103) on the tip of CDRH3, but this functional group is pointed away from the RBS and does not form similar contacts to the carboxylic acid in sialic acid (Fig. 2D) . (Fig. 3) .
The most significant difference among these structures is that the 220 loop (residues 219-226 in one copy and 218-226 in the other copy in the crystallographic ASU) is disordered in H5hd_rdt_Vn ( Fig. 3A) . The 220 loop forms one rim of the receptor-binding site and contains two of the three rdt residues in H5hd_rdt_Vn (Asn224Lys and Gln226Leu). The loop is part of the H5.3-H5hd interface, as judged by solvent accessibility, although it makes only a single contact (a van der Waals contact in the H5.3-H5hd structure and a hydrogen bond in the H5.3-H5hd_rdt_In structure). The disorder is likely dependent on both the presence of the H5hd_rdt_Vn mutations and the loss of intersubunit contacts to the adjacent HA1 protomer (Fig. S2) . Despite forming a rim of the RBS, and dictating receptor use, the 220 loop is not important for H5.3 binding.
Binding Determinants Outside the Receptor-Binding Site. In addition to contacts between the H5.3 CDRH3 and H5, H5.3 forms important interactions with the 190 helix and 140 loop, elements that form the extreme edges of the RBS (Fig. 4) . The 140 loop is recognized by residues from CDRs H1 and H2, and residues from CDRs L1 and L2 recognize the 190 helix. The 140 loop and 190 helix are sites of sequence divergence between H5 strains, and H5.3 forms highly sequence-specific interactions with two sites of polymorphism: Lys193 and Lys144. These sites are critical for dictating binding specificity of H5.3, which shows a strong preference for Lys at these positions (Fig. 4) . The combination of CDRH3 inserting into the RBS and binding invariant residues on H5, and sequence-specific interactions with the variable periphery of the RBS, combine to produce an extremely potent and specific neutralizing antibody.
Conformational Flexibility in H5.3 CDRs. H5.3 was isolated from an H5N1 vaccine trial participant (∼3 mo after immunization), rather than a repeatedly infected or immunized volunteer, and is not highly mutated. H5.3 differs at 11 sites (4 in the heavy chain and 7 in the light chain) from its UCA. The low number of somatic mutations is consistent with the response expected after initial exposure to a new antigen and is representative of the antibodies we have isolated from an H5N1 vaccine trial. Six of the nine H5 antibodies we isolated and characterized from this trial were specific for only H5 (30) . The H5-specific antibodies have significantly fewer somatic mutations than bnAbs (P = 0.008), which are reactive against strains to which most people have numerous exposures. The H5-specific antibodies have an average of 12.3 ± 5 mutations from the UCA compared with 21.6 ± 7 mutations for bnAbs (Table 1) . Of the 11 mutations in H5.3, none contact H5hd (Fig. S3) .
The low number of somatic mutations in H5.3 results in an antibody that is not optimally configured for antigen binding. Comparison of the previously published structure of the H5.3 Fab alone (PDB ID code 4GSD) (30) with the conformation of H5.3 observed in the H5hd complexes reveals large conformational changes upon binding (Fig. 5) . Most critically, the tip of CDRH3 is rotated ∼90°compared with the unliganded structure. This reorientation of CDRH3 is required to position the H5.3 H-bond donors such that they recapitulate the H-bonding pattern of sialic acid. The liganded structure of CDRH3 would clash with the unliganded structure of CDRL3, causing CDRL3 to shift away from its unliganded position by ∼5 Å. This shift causes CDRL3 to pack against the Cʹ strand of the heavy chain. Although this reorganization shifts CDRL3 away from H5, CDRL1 and L2 shift ∼1 Å closer to H5. Discussion H5N1 influenza A viruses are not currently transmissible between humans, in part due to the receptor specificity of the virus. However, when humans are infected through contact with infected birds, the mortality rate is ∼60%, which is unusually high for an influenza infection (13) . In this study, we show that a highly potent human antibody against H5 that also recognizes rdt variants shares many structural features with other anti-HA antibodies. H5.3 is an RBS-directed antibody that inserts CDRH3 into the RBS and recapitulates the H-bonding pattern between HA and the sialic acid receptor. H5.3 is able to bind H5 rdt variants, indicating that mutations that alter receptor preference are not necessarily escape mutants for RBS targeted antibodies. Unlike HA-specific bnAbs, H5.3 forms critical interactions with residues on the extreme edges of the HA head domain. These interactions are formed between H5.3 heavy chain residues and H5 Lys144, as well as H5.3 light chain residues and H5 Lys193. Lys144 and Lys193 are sites of diversity within H5 strains and are critical for the high potency and specificity of H5.3. The combination of RBS-directed CDRH3 and peripheral interactions to polymorphic residues enables H5.3 to tightly bind H5 rdt variants, and indicates that antibodies produced in response to an appropriate H5 vaccine challenge can reasonably be expected to neutralize human transmissible influenza strains.
H5.3 undergoes a conformational change upon binding to H5 that is, to our knowledge, unprecedented among affinity-matured antibodies (Fig. 5) . The critical binding determinants on CDRH3 rotate ∼90°from their positions in the unliganded structure (Fig.  5) . Additionally, CDRL3 moves ∼5 Å to avoid steric clashes with H5hd. The rotation of CDRH3 emphasizes the difficulty of predicting binding mode, even within a family of structurally similar proteins. Conformational flexibility is typically a characteristic of unmutated, rather than affinity-matured, antibodies, yet the lack of a preformed combining site in H5.3 and large conformational change associated with binding indicate that H5.3 has retained some of the flexibility present in germ-line gene-encoded antibodies (34, (39) (40) (41) . H5.3 differs from its UCA by only 11 mutations and is therefore substantially less mutated than most influenza bnAbs (Table 1) , and, of these mutations, none directly contact H5 (Fig. S3) .
Among the structurally characterized antibodies that use CDRH3 to recapitulate the H-bonding pattern of sialic acid, all except H5.3 use an aspartic acid from CDRH3 to mimic the carboxylate group of sialic acid. In H5.3, a main chain carbonyl makes interactions with HA that are similar to those made by the carboxylate group of sialic acid, illustrating an additional way to recognize a conserved feature of the RBS.
The potency of H5.3 comes from binding energy derived from interactions between the RBS and CDRH3, as well from key interactions outside the RBS (to Lys144 and Lys193). In H5.3, potency comes at the expense of breadth because Lys144 and Lys193 are polymorphic sites in H5N1 strains. H5.3 was isolated from the blood of a healthy donor who had participated, ∼3 mo earlier, in a clinical trial of an experimental H5N1 vaccine (25, 30) . The structural and sequence analysis presented here indicate that H5.3 is lightly mutated and flexible, consistent with an antibody that is not optimally matured. Of the nine human monoclonal antibodies we have isolated against H5, the six that are specific for only H5 have, on average, fewer mutations than bnAbs (Table 1) . BnAbs have significantly more mutations and likely arise through stimulation of memory B cells. In general, the presence of reactive memory B cells correlates with the ability to produce a bnAb response (42) (43) (44) (45) . It seems that, for both influenza and HIV, bnAbs require significantly more somatic mutation than seems common in vaccine-induced antibodies in otherwise antigen-naive humans (46, 47) , suggesting that bnAbs might be elicited by repeated immunization against multiple strains, rather than fortuitous gene use. H5.3 is illustrative of the lack of breadth typical of vaccine-induced antibodies, and our results indicate that breadth and potency directly conflict in H5.3 interactions. The H5.3 interactions with Lys144 and Lys193 prevent tight binding to variant H5 strains that do not contain these residues, yet H5.3 is extremely potent against VN/1203 (30), indicating it was likely strongly selected for, and expanded, in germinal centers during affinity maturation.
H5.3 was elicited by a VN/1203 H5N1 experimental vaccine and is representative of the type of antibodies an H5-naive person is likely to produce. Subsequent infection or immunization with a variant strain would likely be an effective route to generate broadly reactive anti-H5 antibodies. Such strategies are known to be effective within influenza subtypes (25, 48, 49) . Our structural understanding of H5.3 supports the hypothesis that repeated challenge through immunization or infection is an effective strategy to enhance universal binding determinants, such as a CDRH3 loop that effectively binds conserved features of the RBS, similar to the natural receptor, while minimizing strainspecific interactions. Achieving a universal flu vaccine may require methods to develop and maintain a memory B-cell population that has already expanded multiple times against diverse antigens.
Methods
Expression and Purification of H5.3 Fab. The H5.3 hybridoma cell line was generated as previously reported (30) , and additional details are given in SI Methods.
Expression and Purification of HA. A/Vietnam/1203/2004 H5 head domain (HA1 residues 57-264) was cloned into the pET28a vector, containing an N-terminal 6x-His tag and a thrombin cleavage site. The H5 rdt variant HA molecules were made in pET28a using PCR-based mutagenesis and were verified by nucleotide sequencing. These proteins were expressed and purified as described in SI Methods.
Crystallization. Experimental details are given in SI Methods. H5.3-H5hd crystals were grown from a reservoir containing 100 mM Hepes, pH 7.5, 20% PEG 10,000. H5.3-H5hd_rdt_In crystals were grown from 200 mM ammonium sulfate, 100 mM Hepes, pH 7.5, 25% PEG 3350. H5.3-H5hd_rdt_Vn crystals were grown from 200 mM sodium malonate, pH 7, 20% PEG 3350.
Data Collection and Structure Determination. Diffraction data were collected from single crystals at 100 K at the Life Sciences Collaborative Access Team (LS-CAT) Sector 21 at the Advance Photon Source (Argonne, IL). Details describing the data collection and structure determination are given in SI Methods and in Table S1 . The structures have been deposited in the Protein Data Bank under accession codes 4XNM (H5.3-H5hd), 4XNQ (H5.3-H5hd_rdt_Vn), and 4XRC (H5.3-H5hd_rdt_In).
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